2014). Thus, bHLH TFs play an important role in various abiotic stresses.
Tartary buckwheat (Fagopyrum tataricum Gaertn.) is a type of annual edible and medicinal crop that is rich in flavonoids (Jiang et al., 2007) . It is mostly cultivated in places with harsher climates, such as the southwest region of China, northern India, Bhutan, and Nepal (Kim et al., 2009) . The stress resistance of Tartary buckwheat is mainly owing to its abundant flavonoids (Suzuki et al., 2005) . Recently, it has become more important to figure out the TF regulation in flavonoid biosynthesis and the stressresistant physiology in Tartary buckwheat. However, only MYB TFs have been reported in Tartary buckwheat so far. FtMYB1 and FtMYB2 have been proven to regulate proanthocyanidin biosynthesis (Bai et al., 2014) . There are few studies on the stress resistance of Tartary buckwheat. Only one study has focused on FtMYB12 (Zhou et al., 2015) . Typically, the study of bHLHs has focused on the regulation of metabolites. However, there is little research on the resistance of bHLHs, especially in Tartary buckwheat. Because of the diversity in bHLH functions, we first cloned two FtbHLHs and characterized their transcriptional activation. To gain a better understanding of the mechanism of Tartary buckwheat resistance, the expression level of two FtbHLH genes under abiotic stress was analyzed. With these studies we laid the foundation for more comprehensive research on the resistance of Tartary buckwheat.
Materials and methods

Plant materials
Tartary buckwheat seeds ("Xiqiao No. 2") for the experiment were grown in the experimental field of Sichuan Agricultural University, Ya'an, Sichuan, China. At least three flowers were collected and then frozen in liquid nitrogen and stored at -80 °C for further use.
Abiotic stress treatments
Tartary buckwheat seeds were washed and soaked in distilled water at 40 °C for 30 min, and the seeds were subsequently placed on trays with filter paper. The trays were placed in the dark at 25 °C for germination. The sprouts were cultivated under the following conditions: 16 h of light at 22 ± 2 °C and 8 h of darkness at 18 ± 2 °C, with relative humidity of 60% (Kim et al., 2009; Sun et al., 2012) . Twelve days after germination, the sprouts were treated under the following conditions: UV-B light (302 nm), cold (4 °C), drought (30% PEG-6000) (Weiyan et al., 2009) , or jasmonic acid (JA; 100 µmol/L) for 10 h.
Nucleotide isolation and gene cloning
Genomic DNA and total RNA were extracted from flowers of Tartary buckwheat using the TaKaRa MiniBEST Plant Genomic DNA Extraction Kit (TaKaRa, Japan) and the RNAout 2.0 Kit (Tiandz, China) in accordance with the manufacturer's protocols. cDNA was synthesized using the Revert Aid First Strand cDNA Synthesis Kit (MBI, USA). Flower cDNA and genomic DNA were used as a PCR template to amplify the FtbHLH1 and FtbHLH2 genes from Tartary buckwheat. A pair of degenerate primers were designed using CODEHOP (weizmann.ac.il/blocks/ codehop.html) and synthesized according to the conserved region of known bHLH genes from Tartary buckwheat (GenBank ID HQ844968). Flower cDNA was used as the template, followed by a PCR program of 30 cycles of 94 °C for 50 s, 58 °C for 45 s, and 72 °C for 50 s. Then, to obtain the 5′-and 3′-cDNA ends, rapid amplification of cDNA ends (RACE) was performed using the Smart Race cDNA Amplification Kit (TaKaRa) with the following PCR program: 94 °C for 50 s, 62 °C for 45 s, and 72 °C for 90 s for 30 cycles. Two pairs of gene-specific primers were designed to amplify each of the full-length cDNA and DNA sequences of FtbHLH1 and FtbHLH2 (30 cycles of 94 °C for 50 s, 58 °C for 45 s, and 72 °C for 120 s). The primers used to amplify the full-length cDNAs and DNA of the two genes are listed in Table 1 .
Bioinformatics analysis
The amino acid sequences of the FtbHLH1 and FtbHLH2 proteins were translated from the cDNA sequences and then analyzed using the BLAST programs of NCBI. ExPASy tools (http://www.expasy.org/tools/) were used to analyze the basic physical and chemical information extracted from the amino acid sequence. The secondary structures of the deduced FtbHLH1 and FtbHLH2 proteins were predicted using SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_ automat.pl?page=npsa_sopma. html). SignalP was used to analyze the signal peptides of the two FtbHLHs, and SubLoc 1.0 (http://www.bioinfo.tsinghua.edu.cn/SubLoc/) was used to determine the subcellular location of the two proteins. Multialignment was performed using ClustalX. MEGA 5.0 was used to draw a phylogenetic tree using the neighbor-joining method.
Identification of two FtbHLHs' transcription activation function
The open reading frame (ORF) sequences of FtbHLH1 and FtbHLH2 were cloned into a pBridge vector containing a GAL4 DNA-binding domain. The pBridge plasmid was used as a negative control, and pBridge-GmMYBJ6 was utilized as a positive control. The resulting plasmids were transformed into AH109 competent yeast cells by electrotransformation. The positive transformants were screened using SD/-Trp media. The LacZ activities of FtbHLH1 and FtbHLH2 were detected using a galactosidase filter lift assay according to the manufacturer's protocol (Clontech). The primers used to clone the two ORFs of FtbHLHs to GAL4 DNA-binding domain are listed in Table 2 .
2.6. Gene expression analysis for two FtbHLHs under abiotic stress RNA was extracted from cotyledons and hypocotyls after each treatment. Semiquantitative RT-PCR was performed (Baloğlu et al., 2011; to analyze the expression patterns of FtbHLH1 and FtbHLH2 in the cotyledons and hypocotyls under abiotic stress. Singlestranded cDNA was synthesized using the Revert Aid First Strand cDNA Synthesis Kit (MBI). The primer sets used to amplify the two FtbHLHs and the housekeeping gene FtH3 (histone 3, GenBank ID HM628903) (Bai, et al., 2014) are shown in Table 3 . The PCRs were performed under optimal conditions. The PCR products were separated on a 2.0% agarose gel and stained with GoldView. The optical density of the bands of each gene were analyzed in triplicate using Quantity One 5.0 (Bio-Rad, USA) . The expression levels of the FtbHLHs were determined as the ratio of the intensity of FtbHLHs to FtH3 (Li et al., 2015) .
Analysis of total flavonoid contents
Flavonoids are the main secondary metabolites in Tartary buckwheat and play an important role in protecting it from abiotic stresses. Total flavonoids were extracted and measured using a previously described method with some modifications (Liu and Zhu, 2007) . Total flavonoids were extracted from 0.1 g dry weight (DW) samples in 3 mL of 65% methanol for 20 min in a sonicator. Afterwards, the sample mixtures were centrifuged at 12,000 rpm for 10 min at 4 °C to obtain the extracted solution. The solution was then filtered through a 0.45-µm polyfilter and kept at -20 °C. An aluminum chloride colorimetric method was used for flavonoid determination at 420 nm . All samples were measured in triplicate.
Statistical analysis
The expression levels of the TFs were reported as the ratio of the intensity of FtbHLHs to FtH3 (i.e. OD FtbHLH1 /OD FtH3 ) (Li et al., 2015) . The total flavonoid content measured was presented as the percentage of rutin in 100 mg DW from plant material and compared to a standard curve made with the same operations. Quantitative analysis of the total flavonoids in Tartary buckwheat was replicated in Table 1 . Primers used in 3′ and 5′ RACE.
Name
Sequence (5′-3′) Application Table 2 . Yeast one-hybrid primers used in vector construction.
Name Sequence (5′-3′)
triplicate. Differences between treatments were evaluated by Duncan's multiple comparisons test using SPSS 20.0, and the P-value indicated the significant differences between the control and treatment. The flavonoid content measurements and the relative expression levels of TFs were compared using Pearson double variables. Statistical analyses were performed with SPSS 20.0.
Results
Molecular characterization of FtbHLH1 and FtbHLH2
We obtained the cDNA and DNA of two FtbHLHs, FtbHLH1 and FtbHLH2, by homology cloning and RACE technology. FtbHLH1 contained a 1761-bp ORF, whereas FtbHLH2 had a 1536-bp ORF. Comparison between the cDNA and DNA sequences of the FtbHLHs indicated that there was no intron in FtbHLH1, whereas FtbHLH2 consisted of four extrons and three introns (Figure 1 ). Sequence alignments with the NCBI database showed that the FtbHLH1 and FtbHLH2 proteins are members of the bHLH-MYC superfamily (Figure 2) . The results showed that the amino acid sequences are highly similar to previously reported bHLHs from other plants (Dong et al., 2014; Song et al., 2014; Xu et al., 2014) . Multiple sequence analysis revealed that both of these TFs had an N-terminal motif that interacts with R2R3-MYB and a conserved bHLH motif located near the C-terminus (Figure 3 ). FtbHLH1 has 51% sequence identity with the MYCA1
of Vitis vinifera, an anthocyanin regulatory protein, and FtbHLH2 shared the highest amino acid sequence identity with Nicotiana attenuate MYC2 at approximately 44%. The deduced FtbHLH1 protein contains 586 amino acids of an estimated molecular mass of 65.9 kDa and an isoelectric point of 5.11, and it lacks predicted signal peptides or transmembrane domains. The secondary structure of FtbHLH1 consisted of α-helices (41.47%), an extended strand (17.06%), a β-turn (8.19%), and a random coil (33.28%). The FtbHLH2 sequence includes a putative transit peptide of 511 amino acids. FtbHLH2 had a calculated molecular weight of 56.7 kDa and a theoretical pI of 6.31. The FtbHLH2 protein did not have a signal peptide or a transmembrane domain, as predicted. Analysis revealed that the FtbHLH2 protein was mainly alpha helices (39.33%), a random coil (36.01%), and an extended chain (17.61%), with only a few beta turns (7.05%). Both FtbHLH1 and FtbHLH2 proteins have a typical HLH motif, and both were predicted to be localized to the nucleus.
A phylogenetic tree was drawn to establish the evolutionary relationship between these FtbHLHs and other bHLHs (Figure 4) . The topology of the phylogenetic tree was a clover shape composed of clusters I, II, and III. It was clear that the phylogenetic tree was generally in agreement with the traditional taxonomic classification and that some of them demonstrated consistent activity. FtbHLH1 belongs to cluster I, which includes VvMYCA1, MdbHLH33, and AtMYC1. Cluster I is mainly involved in regulating anthocyanin metabolism and defense stresses. FtbHLH2, along with AtMYC2, AtMYC3, AtMYC4, AtAIB, GhbHLH1, and NaMYC2, belongs to cluster II, which is associated with jasmonate signaling pathways under abiotic stresses. Additionally, cluster III plays a role in regulating proanthocyanin biosynthesis.
Transactivation assay
The transactivation abilities of FtbHLHs were assessed using a yeast one-hybrid system. The yeast transformants, which included pBridge-GmMYBJ6, pBridge-FtbHLH1, and pBridge-FtbHLH2, could be maintained on SD/-Trp medium. The results of the positive colony-lift filter assay indicated that the two FtbHLHs could activate the reporter gene in vivo ( Figure 5 ).
Expression levels of FtbHLH1 and FtbHLH2 under abiotic stress
The expression levels of FtbHLH1 and FtbHLH2 under abiotic stresses were analyzed with semiquantitative RT-PCR. As shown in Figure 6 , under cold stress, the expression level of FtbHLH1 decreased significantly (P < 0.01) in both cotyledons and hypocotyls, which were reduced 2.25-and 1.94-fold, respectively, compared to the control. In contrast, FtbHLH2 showed the opposite pattern (P < 0.01). Under drought conditions, FtbHLH1 expression level was significantly upregulated (P < 0.01; 3.8-fold that of the control) in cotyledons and downregulated (P < 0.01; 1.9-fold that of the control) in hypocotyls. When exposed to UV-B, the expression level of FtbHLH1 was the same as that under drought stress. However, FtbHLH2 decreased 2.76-fold in cotyledons and 2.61-fold in hypocotyls compared to the control (P < 0.01) ( Figure 6A ). Furthermore, there was an upward trend in the FtbHLH1 expression level induced by JA in both cotyledons and hypocotyls, while this increase was much smaller with FtbHLH2. The expression level of FtbHLH2 showed a downward trend in cotyledons, but it increased from 0 h to 10 h in hypocotyls. Eventually, they converged ( Figure 6B ).
The content of total flavonoids under abiotic stress
The total flavonoid content under different stress conditions is shown in Figure 7 . The results indicated that the total flavonoid content significantly increased in cotyledons under both drought and UV-B conditions. In hypocotyls, it increased significantly (P < 0.01) with all abiotic stresses tested. The total flavonoid contents increased in general after the application of JA, and there was a significant increase (P < 0.01) in both cotyledons and hypocotyls.
Statistical analysis
In cotyledons, correlation analysis showed that the FtbHLH1 expression level was positively correlated with the total flavonoids content (correlation coefficient = 0.572), whereas FtbHLH2 showed the opposite result with respect to total flavonoid contents (correlation coefficient = -0.765). However, in hypocotyls, the result was contrary. In detail, FtbHLH1 showed a negative correlation with respect to the total flavonoid contents (correlation coefficient = -0.823), and the correlation coefficient between the FtbHLH2 expression level and the total flavonoids content was 0.730. These results indicated that FtbHLH1 and FtbHLH2 TFs were likely to play different roles in the stress response induced by JA. Correlation coefficients between gene expression levels and flavonoids content in Tartary buckwheat are listed in Table 4 .
Discussion
In plants, TFs, including the bHLH family, function in various pathways to confer stress tolerance. Several plant bHLH transcription factors that are involved in responses to stress have been studied. For instance, GhbHLH1 expression could be induced with ABA exposure and drought in cotton (Meng et al., 2009) . Overexpressing OrbHLH001 can improve the ability to resist drought in wild rice (Li et al., 2010) . Overall, bHLH transcription factors are confirmed to play a vital role in plant abiotic stresses. In our present study, two Tartary buckwheat FtbHLHs would have a different putative physiological effect according to protein structure analysis. Consistent with this, the phylogenetic tree indicated that FtbHLH1 was involved in regulating anthocyanin metabolism and FtbHLH2 was associated with jasmonate signaling pathways under abiotic stresses. After a biological experiment was conducted to explore FtbHLH expression characterization, FtbHLH1 and FtbHLH2 showed prominently different expression profiles under abiotic stresses. The results demonstrated that FtbHLH1 had a strong response to drought conditions and UV-B exposure, whereas FtbHLH2 was sensitive in its response to cold and UV-B stress. Additionally, FtbHLH2 showed a more intense response to JA treatment than that of FtbHLH1. Meanwhile, FtbHLH1 and FtbHLH2 were likely to act as different effects of flavonoid accumulation under abiotic stresses. On the one hand, plants could express the specific protein to directly cope with a variety of adverse stresses as an environmental adaptation. For example, some bHLH transcription factors could be responsible for drought-adaptive responses in plants by changing stomatal, trichome, and root hair development (Castilhos et al., 2014) . On the other hand, a secondary metabolite pathway would also be activated by TFs to produce a particular secondary metabolite to improve its tolerance ability when the plant was suffering from stresses. It has been confirmed that the explicit role of VvbHLH1 in conferring salt and drought tolerance is to increase the accumulation of flavonoids and ABA signaling in transgenic A. thaliana (Wang et al., 2016) . The recognition of gene regulatory networks in plants is challenging, and the manipulation of bHLH genes as well as components Figure 4 . Phylogenetic relationships between FtbHLH1, FtbHLH2, and other plant species. The GenBank accession numbers are as follows: VvMYCA1 (EF193002), VvMYC1 (EU447172), MdbHLH33 (ABB84474), AtMYC1 (Q8W2F1), PhJAF13 (AAC39455), AmDEL (AAA32663), PfMYC-RP (BAA75513), AtGL3 (Q9FN69), ZmB (CAA40544), ZmLc (AAA33504), OsRc (BAF42667), ZmIN1 (AAB03841), DvIVS (BAM84241), PhAN1 (AAG25928), IpIVS (BAD18982), BrTT8 (AEA03281), GtbHLH1 (BAH03387), AtAIB (Q9ZPY8), GhbHLH1 (ACO53628), NaMYC2 (AGL98101), AtMYC2 (Q39204), AtMYC3 (NP_199488), AtMYC4 (O49687), AtPIL1 (Q8L5W8), AtbHLH24 (Q9FUA4), AtALC (Q9FHA2), AtPIF3 (O80536), AtbHLH54 (Q8LEG1), AtBEE1 (Q8GZ13), AtbHLH31 (Q0JXE7). FtbHLH1 (KT737454) and FtbHLH2 (KT737455) are highlighted with black triangles. that mediate transcription factor responses in different pathways could be essential in achieving abiotic stress tolerance through genetic manipulation.
In recent years, Tartary buckwheat has attracted much attention for its increasing commercial value (Fabjan et al., 2003) . However, abiotic stresses have a huge impact on Tartary buckwheat plant production. Therefore, it is necessary to further study the resistance mechanisms of TFs and their influence on flavonoid synthesis, which would be helpful for breeding new Tartary buckwheat with better production performance.
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